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Abstract

This paper presents a wideband CMOS vector-sum phase shifter (VSPS) targeting the n260 band of 5G communication. A differential
quadrature generator is implemented using a Marchand balun and two 90° coupled-line couplers to improve robustness to process and

temperature variations. The quadrature vector signals are combined by a following vector modulator that adopts a double Gilbert-cell to-

pology. The linearity and input-matching performance are enhanced at the expense of extra DC consumption by stacking a current source

with high bias. The measurement shows that the VSPS provides a continuous 360° phase shift with an average insertion loss of 16.3 dB at
37 GHz. The root-mean-square (RMS) amplitude and phase errors maintain less than 1.5 dB and 4.9°, respectively, from 30.9 GHz to
41.7 GHz. The input-referred 1-dB compression point is 5.7 dBm at 38 GHz. It is also demonstrated by 484-state measurement that the

phase and amplitude can be adjusted in a fine resolution.
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I. INTRODUCTION

Recently, the millimeter-wave (mm-wave) frequency band
has been actively utilized for various applications including 5G
communication. To overcome the high channel loss and tight
link budget at the mm-wave frequencies, phased arrays have
been widely adopted. A phase shifter is an essential circuit block
that controls the phase of each channel of the phased-array
system.

Several phase shifters with various topologies have been
reported for the mm-wave 5G application [1-4]. Nonetheless,
there have been few vector-sum phase shifters (VSPS) yet, par-
ticularly in the n260 band (37-40 GHz) [1]. The VSPS offers a

merit of 360° continuous phase shift with relatively low inser-
tion loss compared to passive-type phase shifters. However, the
VSPS would suffer from poor linearity and limited bandwidth.
Furthermore, a quadrature generator, e.g., a RC-CR network is
required for VSPS and its performance is vulnerable to process
and temperature variations of on-chip resistors and capacitors
[1].

In this paper, we present a wideband VSPS covering the 5G
n260 band. By stacking a current source in the vector modulator
with high bias, the linearity and input matching are improved at
the expense of DC consumption. The quadrature generator is
implemented using a coupled-line coupler, which is relatively
robust to process and temperature variations.
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II. VSPS DESIGN

Fig. 1 shows a schematic of the proposed mm-wave VSPS. It
consists of a differential quadrature generator and a vector mod-
ulator. The differential quadrature generator is implemented
using a Marchand balun and two 90° coupled-line couplers.
Compared to the RC-CR network, this structure is robust to
process and temperature variations. Four quadrature vector sig-
nals (Vr, V1, Vq', V@) are generated by feeding each balun
output to an individual coupled-line coupler. The balun is im-
plemented with two second top metals (OL) which are edge-
coupled to each other. In addition, the 90° coupler is imple-
mented using the top two metals (LB and OL) which are
broadside-coupled to each other.

The vector modulator employs two copies of Gilbert cell
(M3—Msg and My¢—My4). Each Gilbert cell modulates the in-
phase vectors (V1" and Vr) or the quadrature vectors (Vo' and
Vq). By controlling the gate bias of cascode transistors (V.r',
Ver, Ve, Vo), the amplitudes of the in-phase and quadrature
signal vectors are changed individually. The differential outputs
of the two Gilbert cells are combined in a current domain, thus
resulting in a desired phase shift.

The input and output of the VSPS are matched to 50 Q with
transmission lines (TL;—TL4 and TLs—TLg) and capacitors
(C5—C4 and Ci5-Chy). One of the differential outputs is termi-
nated by an on-chip 50-Q resistor for the convenience of meas-
urement. A current source (M; and M,) is connected to each
Gilbert cell, which sets a constant bias current. This allows for
uniform input matching performance regardless of the phase-
shift states. Furthermore, the resulting high bias enhances the
linearity at the expense of additional DC consumption.

II1. MEASUREMENT RESULTS

The mm-wave phase shifter is fabricated in 65-nm CMOS
technology. The chip micrograph is shown in the inset of Fig. 1.
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The chip areais 1.61 X 1.37 mm? including all probing pads.
The measured and simulated phase shift with 4-bit resolution
is shown in Fig. 2(a). It can be seen that 16 phase states achieve
a full 360" shift with 22.5° separation from 30 to 42 GHz. Fig.
2(b) presents the simulated and measured insertion loss of the
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Fig. 2. Measured (a) phase shift with 4-bit resolution, (b) insertion
loss of 16 phase states, and (c) output power and insertion
loss versus input power at 38 GHz.
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Fig. 1. Schematic and chip photograph of the mm-wave VSPS.
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16 phase states. The average loss is 16.3 dB at 37 GHz. The 3-
dB bandwidth is 10.8 GHz (30.9-41.7 GHz). It should be not-
ed that the measurement is carried out under a single-ended
output condition. Therefore, the insertion loss would be im-
proved by 3 dB in principle if measured differentially. Fig. 2(c)
shows the measured output power and insertion loss versus in-
put power at 38 GHz. The average value of input-referred 1-dB
compression power is 5.7 dBm at 38 GHz.

Fig. 3(a) shows the root-mean-square (RMS) amplitude and
phase errors of the VSPS. With 4-bit resolution, the RMS am-
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Fig. 3. Measured (a) RMS amplitude and phase errors, (b) input
and output matching of 16 phase states, and (c) polar plot
of 8z for 484 phase states at 38 GHz.

plitude and phase errors are 1.3 dB and 1°, respectively, at 38
GHz. The RMS errors maintain less than 1.5 dB and 4.9° from
30.9 to 41.7 GHz. The input and output port matching per-
formance are shown in Fig. 3(b). The input and output ports
are well matched over the operating frequency.

Fig. 3(c) shows a polar plot of the measured S for 484 phase
states. Each of the control voltages (V1', Ver, Vea', Veq) is
individually swept from 2.25 to 3.25 V by 0.1-V step at 38 GHz.
It is noted that both the phase and amplitude can be precisely
adjusted by fine tuning of the control voltages. This is a signifi-
cant merit of VSPS over other phase-shifter topologies that can
adjust only the phase. The DC power consumption is 45 mW
at a supply voltage of 3.75 V.

In Table 1, the proposed VSPS is compared with other pub-
lished phase shifters in the 5G frequency bands. The VSPS in
this work achieves a wide bandwidth with comparable insertion
loss and RMS amplitude and phase error. Compared to [2—4],
the proposed VSPS provides continuous phase shift and can
adjust both amplitude and phase. Compared to previous VSPS
[1], this work achieves a wider bandwidth and higher linearity at
the cost of DC power consumption.

IV. CONCLUSION

An mm-wave VSPS for 5G application is implemented in
65-nm CMOS technology. The VSPS exhibits a continuous
360° phase shift with an average insertion loss of 16.3 dB at 37
GHz with a 3-dB bandwidth of 10.8 GHz. Compared to other
VSPS in the 5G n260 band, this work achieves a wide band-
width and high linearity. It is also demonstrated from 484
phase-state measurement that both the phase and amplitude
can be adjusted in a fine resolution which is determined by the
resolution of control voltage. The proposed VSPS can be adopted
in various mm-wave applications including the 5G communica-
tion systems.

This work has been supported by the Future Combat
System Network Technology Research Center program of
Defense Acquisition Program Administration and Agency

for Defense Development (No. UD190033ED).

Table 1. Performance comparison with previously reported phase shifters for the mm-wave 5G application

Ref. Tech. Freq. (GHz) Resolution  Avg.loss (dB) RMS amp., phase error  Input Pis (dBm) ~ Pac(mW)
Chenetal. [2]  90-nm CMOS 3640 4 bit 202-21 <2.6dB,<2.6° - 0
Lietal. [3] 65-nm CMOS 32-40 7 bit 16.9-18.1 <0.38dB, <1.6° - 0
Tsai et al. [4] 65-nm CMOS 27-42 5 bit 124 £ 1.2 <2.1dB,<3.8° 7.5°@ 39 GHz 0
Xiong etal. [1] 90-nm CMOS 35-41 Cont. 5.9-7 <0.35dB, <5.1° —2.8°@ 355 GHz 17.6
This work 65-nm CMOS 30.9-41.7 Cont. 16.3-19.3 <1.5dB, <4.9° 5.7 45

Pias = power at the 1-dB compression point.
*Measured insertion loss at 39 GHz.
"Read from a plot of the article.
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